1. Introduction {#sec0005}
===============

Parkinson\'s disease (PD) affects over 1% of the population over the age of 60, which in the UK equates to over 127,000 individuals (or 500,000 individuals in the USA), while in individuals over the age of 85 this prevalence reaches 5%, highlighting the impact that advancing age has on the risk of developing this condition ([@bib0175; @bib0485; @bib0700]). Although thought of as a disease of old age, a small percentage of patients (about 5% of all cases) present with symptoms before the age of 60 years and the majority of these cases are caused by mutations in an ever increasing list of genes which affect either protein metabolism or mitochondrial function, including Pink1 (PARK6), Parkin (PARK 2), DJ-1 (PARK7) and alpha-synuclein (PARK 1), thus highlighting that dysfunction in either is sufficient to cause PD ([@bib0255]). These familial, early onset forms of Parkinson\'s disease can be autosomal dominant or recessive and may show a similar phenotype to sporadic PD in terms of symptoms and response to L-Dopa, but also may present with different symptoms and neuropathology.

Whilst Parkinson\'s disease involves a complex array of symptoms, an important brain region affected by severe cell loss in PD, and the main cause of the motor symptoms associated with this disorder, is the substantia nigra (SN). Specifically within the SN it is the dopaminergic neurons of the pars compacta that are lost and interestingly, this brain region also shows more pathological changes with normal ageing than any other region ([Fig. 1](#fig0005){ref-type="fig"}). A recent study of over 750 elderly individuals (mean age 88.5 years) without clinically defined PD, has shown that nearly 1/3 showed mild to severe neuronal loss within the substantia nigra, with 10% also showing Lewy body pathology ([@bib0110]). Cell loss within the SN has been shown to be extensive ([@bib0575]) and was estimated to occur at a rate of 4.7% per decade ([@bib0235]), while more recent stereological techniques estimate this loss of neurons to occur at a rate of 9.8% per decade ([@bib0425]).

Many studies have measured neuronal loss in other brain regions with ageing, although none have shown any degree of cell loss similar to that seen within the SN. Neuronal numbers have been shown to remain relatively stable throughout old age within the hippocampus, putamen, medial mammillary nucleus, hypothalamus and the nucleus basalis of Meynert, while it was estimated that the neocortical neurons might show a loss of only 10% over the entire lifespan ([@bib0500] and reviewed in [@bib0410]). However, in other dopaminergic populations including in the ventral tegmental area and the retrorubral area, cell loss might actually reach 50% ([@bib0305]). These studies show that dopaminergic neuronal populations seem preferentially vulnerable to loss with ageing compared to many other brain regions and those related to other neurodegenerative disorders e.g. the hippocampus.

An understanding of why these SN cells die with advancing age may yield important insight into why cells are lost in PD. We review the literature to define how increasing age affects the neurons of the SN, why these cells in particular are lost and show dysfunction with advancing age, particularly in PD.

2. The environment of the substantia nigra {#sec0010}
==========================================

The neurons of the SN are distinct in many ways. They are pigmented, show pacemaking activity and increased oxidative stress related to the metabolism of dopamine within them. They are also thought to be particularly susceptible to the mitochondrial dysfunction which accumulates within them with advancing age ([@bib0055; @bib0360]). Here we consider the characteristics of SN neurons which may predispose them to an increased sensitivity to mitochondrial dysfunction and changes in protein degradation pathways, which may in turn be key to the pathogenesis of Parkinson\'s disease.

2.1. Dopamine metabolism and oxidative stress {#sec0015}
---------------------------------------------

Although a significant amount of oxidative stress is generated by the production of reactive oxygen species within mitochondria, SN neurons are believed to be under additional oxidative stress due to the metabolism of dopamine within them. Dopamine metabolism by monoamine oxidase generates a number of oxidative species including oxygen radicals and H~2~O~2~, while the oxidation of dopamine itself might occur through a number of processes including the presence of transition metals (reviewed in ([@bib0625])). The main protector of dopaminergic neurons against this oxidative stress is the dopamine transporter (DAT). DAT takes the damaging dopamine back into the nerve terminal where it can then be repackaged into synaptic vesicles by VMAT2 (vesicular monoamine transporter 2). There have been reports that DAT expression declines with age in the dorsal tier of the SN but that DAT staining is greatest in the ventral tier, suggesting that perhaps this can account for some of the susceptibility of these neurons to loss in PD compared to the population within the dorsal tier ([@bib0420]).

2.2. Calcium dynamics and pacemaking activity {#sec0020}
---------------------------------------------

Recent studies have implicated that the calcium handling of substantia nigra neurons and the importance of calcium for their firing activity are key to the pathogenesis of Parkinson\'s disease but also are an avenue through which to achieve neuroprotection ([@bib0130]). The neurons of the SN exhibit autonomous pacemaking activity, believed to be important for the maintenance of dopamine levels within the striatum. In adult neurons this activity is maintained by specific calcium channels (CaV1.3L-type) which have recently been shown to be prevalent in other neuronal populations which are vulnerable in PD ([@bib0275]). However, in juvenile neurons this activity is maintained by sodium channels and a reversion to juvenile forms of activity can be induced in adult neurons by blockage of the calcium channels by Isradipine. Interestingly, this reversion also protects the SN neurons against treatment with the mitochondrial toxin rotenone, known to cause specific SN neuronal loss and PD-like symptoms in model systems ([@bib0130]).

The way in which these neurons handle calcium and the calcium concentration within them is hugely important and it\'s sequestration within mitochondria is key for cellular survival. Mitochondria are responsible for the modulation of calcium within neurons to maintain intracellular levels, particularly important for the maintenance of neuronal excitability. In fact, studies in neurons differentiated from transmitochondrial cybrids have shown that neurons showing mitochondrial dysfunction show altered responses to multiple stimuli which leads to a prolonged elevation of intracellular calcium ([@bib0650]). Changes in the ATP levels within neurons such as those that may occur in response to accumulating mitochondrial DNA mutations would affect the extrusion of calcium. This may lead to an overload of calcium within the neurons which in turn would lead to the mitochondrial permeability transition which then causes a loss of mitochondrial bioenergetic function. These events might also be initiated by oxidative stress which as discussed previously may occur for a number of reasons with advancing age within the neurons of the SN.

2.3. Iron concentration and changes {#sec0025}
-----------------------------------

The iron content of substantia nigra neurons is thought to be an important contributor to their susceptibility to loss in PD, particularly based on the generation of reactive oxygen species by the Fenton reaction. Several studies, using various imaging techniques to assess how the iron content of the SN and other deep brain nuclei changes with advancing age, have shown that there is an increase in the iron content of the SN with advancing age and that a significant increase occurs above the age of 40 within the SN pars compacta ([@bib0080; @bib0160; @bib0190; @bib0290; @bib0605]). However this data remains inconclusive since other studies have reported no change in the iron content of these neurons in PD compared to controls (reviewed in [@bib0245]). This does not mean that the iron content of these neurons is not important. It links ageing to a potentially detrimental characteristic of these neurons, and since neuromelanin (see below) is believed to bind iron and chelate it, again gives a plausible link between two important features of these neurons. The affinity of iron for melanin is much lower than for iron binding proteins such as ferritin, however it has been shown that neuromelanin does have a higher affinity for iron than other melanins ([@bib0195; @bib0590]). The mitochondria, in particular a number of electron transport chain proteins, including complex I, rely on iron sulphur clusters for their function. Therefore changes in the concentration or availability of iron within these neurons will additionally impact on mitochondrial function and could thus exacerbate any mitochondrial dysfunction further, leading to a loss of these neurons.

2.4. Neuromelanin accumulation {#sec0030}
------------------------------

The pigmentation of substantia nigra is due to the accumulation of neuromelanin within them. This pigment accumulates with advancing age, is composed of many different proteins and molecules and may afford SN neurons with some protection against oxidative stress. Neuromelanin begins accumulating from the 3rd year of life and shows a progressive increase with age ([@bib0240; @bib0295]). It is composed of mainly lipids but also proteins and products from the metabolism of dopamine, explaining its distribution within very select populations of catecholamine neurons within the brain (reviewed in [@bib0200]). Neuromelanin is also found within other catecholaminergic populations, including the neurons of the locus coeruleus, ventral tegmental area and hypothalamus (reviewed in [@bib0200]). Although this pigment accumulates within all individuals with advancing age it has been implicated to be important for cell survival and in PD, for the vulnerability of dopaminergic neurons. Neuromelanin has been proposed to be a free radical scavenger, a regulator of intracellular iron and an inactivator of cellular cations. Therefore it is not surprising that changes in neuromelanin have been implicated to be important, contributing to the selective vulnerability of dopaminergic neurons in PD.

It has been shown that the ventral tier of the SN, which shows the most profound cell loss in PD, contains less neuromelanin than the somewhat more preserved dorsal tier, suggesting that this pigment might have a protective effect within these neurons ([@bib0270]). Other studies have also suggested that the pigmented neurons of the SN contain less neuromelanin in PD brains than in the brain of healthy controls, again suggesting that this pigment might protect these neurons against intracellular stressors ([@bib0345; @bib0705]).

3. Mitochondrial dysfunction within substantia nigra neurons {#sec0035}
============================================================

The effect of mitochondrial dysfunction on the health and survival of neurons within the SN has been debated for over 3 decades, and although undoubtedly a contributor to the pathogenesis of PD and the loss of these neurons, the exact role that this organelle plays is yet to be elucidated.

Mitochondrial dysfunction has been implicated to be important for the pathogenesis of Parkinson\'s disease since the discovery that MPP+ causes rapid parkinsonism and SN cell loss through inhibition of complex I of the electron transport chain ([@bib0380; @bib0375]). This discovery was followed by reports of decreased complex I activity and protein expression in tissues from patients with PD ([@bib0580; @bib0585]). The neurons of the SN are thought to be particularly susceptible to dysfunction within the mitochondria and support for a role for mitochondria, and specifically their dysfunction in the loss of SN neurons in PD, has been increasing over recent years. This section reviews the data to support how an age related decline in mitochondrial function will affect cellular function and survival. Mitochondrial dysfunction is likely to be a key player in the loss of these neurons based on its impact on neuronal processes and function (reviewed in [Fig. 2](#fig0010){ref-type="fig"}).

3.1. Respiratory deficiency {#sec0040}
---------------------------

The specific inhibition of key mitochondrial proteins including complex I has been known to cause Parkinsonian like symptoms since its inhibitors, MPP^+^ and rotenone, were shown to cause loss of SN neurons in both man and model systems ([@bib0070; @bib0380]). Respiratory deficiency can be defined as a decline in the activity of complex IV which can be visualised in tissue using the COX/SDH assay. Bender et al. report that approximately 3% of SN neurons are COX deficient in patients with PD compared to 1% in age matched controls, while other studies have reported up to 30% COX deficiency in some cases ([@bib0055; @bib0330; @bib0360]). Furthermore, Elson et al. predicted that 1--4% of post mitotic cells in 80--120 year olds would be COX deficient and that this accumulation would begin from the age of 60 ([@bib0220]). The development of respiratory deficiency within the neurons of the SN, may also lead to compromised production of ATP. Therefore considering recent modelling data suggesting that the propagation of the action potential within SN neurons is highly energy dependent based on the complexity of the axonal arbour of these neurons, a decrease in the production of ATP will affect the excitability of these neurons which would further increase their vulnerability ([@bib0535]).

### 3.1.1. mtDNA mutation load {#sec0045}

The respiratory (COX) deficiency detected within the SN has been shown to be caused specifically by mitochondrial DNA deletions and these deletions were found to reach levels of 50% ([@bib0055; @bib0360]). This deletion load is higher than in other brain regions and tissues where respiratory deficiency is below 15% with even advanced age and unlike some other aged tissues there is no accumulation of mtDNA point mutations within the SN ([@bib0555; @bib0640]). Several studies have compared the mtDNA deletion load between other brain regions and the SN in both ageing and PD. Deletion levels have been found to be higher in the SN than in the locus coeruleus, ventral tegmental area, frontal cortex and the putamen ([@bib0060; @bib0225]). While in 1992 two studies investigated the level of mtDNA deletions within 12 different brain regions with advancing age. They found that in many of the brain regions studied the level of the 'common' mtDNA deletion accumulated with advancing age but that the levels of this mutation were highest in the SN followed by the basal ganglia, cortical areas and the cerebellum ([@bib0155; @bib0615]). Respiratory deficiency due to high mtDNA deletion levels is however found in other neuronal populations in patients with Alzheimer\'s disease (AD) and multiple sclerosis ([@bib0120; @bib0370]). The level of mtDNA mutation and respiratory deficiency has been shown to correlate with the cell loss seen within the cerebellum of patients affected by ataxia as part of their mitochondrial disease ([@bib0390]). This data therefore would suggest that if the neurons of the SN are particularly susceptible to the mitochondrial dysfunction shown to cause cell loss elsewhere in the brain, then it is likely that this dysfunction is also associated with the cell loss seen in PD.

Although there is no definitive evidence as yet to support a mechanism for the formation of these deletions, we have hypothesised that they could be formed through the repair of damage to mitochondrial DNA ([@bib0365]). This damage leads to the formation of double strand breaks which are then repaired leading to the loss of several kilobases of the mitochondrial genome. This damage could be due to a number of the processes described above, but is likely to reflect the highly oxidative environment of the SN. This theory has been strengthened by the work of Pickrell et al. who specifically targeted a mitochondrial restriction enzyme, *Pst1*, to the neurons of the SN. They showed that the induction of expression of this enzyme led specifically to the formation of double strand breaks within the mtDNA leading to deletion formation and depletion, and importantly the development of motor symptoms and SN neurodegeneration ([@bib0530]). Therefore the formation of these mutations within human SN neurons is likely to be a consequence of the processes mentioned above. They then lead to reduced mitochondrial function, ATP levels and eventually cell death. In addition mitochondrial DNA deletions have previously been shown to cause a reduction in proteasomal activity which could exacerbate the accumulation of misfolded protein, in particular alpha-synuclein, as discussed below ([@bib0010]).

Disruption of mitochondrial DNA integrity in mice causes an ageing phenotype and the loss of dopaminergic neurons ([@bib0215; @bib0655]). Initially, mice were created with a proof reading deficient knock-in of the mtDNA polymerase, POLG. These mice developed a premature ageing phenotype including kyphosis, weight loss and osteoporosis, caused by an increase in somatic mtDNA mutations, including both point mutations and deletions ([@bib0655]). This study highlighted the importance of mitochondrial DNA for ageing and hinted that the accumulation of defects within this genome could lead to many of the age related changes that occur. Furthermore, a subsequent study by the same group showed that the conditional knock-out of the mitochondrial transcription factor A, Tfam, specifically within dopaminergic neurons causes a reduction in mtDNA expression and importantly progressive parkinsonism within the mice, dopaminergic neuron loss and the accumulation of protein inclusions ([@bib0215]). The expression of mutated Twinkle in dopaminergic neurons has shown the importance of mtDNA deletions in the survival of SN neurons and also highlighted changes in the expression of parkin, an important protein in the mitochondrial degradation pathway. Song et al. showed that in older mutant mice there was a specific loss of SN neurons which correlated with the development of motor defects, and that the development of the SN cell loss was related to the accumulation of mtDNA deletions. Interestingly, mutant Twinkle causes a reduction in the expression of parkin within the midbrain and decreased proteasomal activity ([@bib0610]). This evidence highlights that disruptions of mtDNA within dopaminergic neurons are sufficient to cause the symptoms and neuropathology associate with PD and thus the importance of the accumulation of mitochondrial dysfunction with advancing age to the probable pathogenesis of this disease.

### 3.1.2. Disruption of key mitochondrial processes {#sec0050}

As the number of genes in which mutations are associated with PD increases so too does the evidence that changes in mitochondrial dynamics and turnover are important for the loss of neurons within the SN. The knockout of alpha-synuclein, pink1, parkin and DJ-1 in *drosophila* and cell culture based models leads to alterations in mitochondrial morphology and network formation ([@bib0150; @bib0285; @bib0445; @bib0480; @bib0515; @bib0520]). Mutations in alpha-synuclein have been shown to cause fragmentation of the mitochondrial network and changes in the ultrastructure and distribution of the mitochondria suggesting increased mitochondrial fission, ([@bib0480]). Mutations in Pink1 and Parkin have been shown to cause a loss of mitochondrial ultrastructure as observed as changes in the electron density of the mitochondria and fragmentation of the mitochondrial network ([@bib0150; @bib0285]). A loss of DJ-1 causes a loss of mitochondrial membrane potential and increased mitochondrial fragmentation ([@bib0645; @bib0690]) and mitochondrial changes have also been reported when LRRK2 (Leucine rich repeat kinase 2) is mutated ([@bib0280; @bib0470]).

A recent paper has also shown that mitofusin2 (mfn2), a protein important for mitochondrial fusion, is essential for the survival of striatal projections from the SN. Indeed knockout of mfn2 has no effect on the number of dopaminergic SN neurons but causes a dramatic reduction in the number of dopaminergic nerve terminals in the striatum of affected mice, an accompanying reduction in striatal dopamine levels and locomotor disturbances ([@bib0395]). Mfn 2 is also a key protein for the handling of calcium within the mitochondria, the ability of mitochondria to take up calcium is reliant on their close proximity to the endoplasmic reticulum (ER) and therefore the site of calcium release. The proximity of the mitochondria to the ER is reliant on mfn2 which is enriched at the contact sites between the ER and mitochondria ([@bib0170]). Recent evidence has also linked the expression of DJ-1 and parkin to this interaction, DJ-1 modulates the interaction of the mitochondria and the ER and in doing show suppresses the effects of p53 on mitochondrial calcium handling and morphology ([@bib0490]). Interestingly, parkin overexpression has been shown to also enhance the calcium handling capabilities of the mitochondria by enhancing the interaction of the mitochondria with the ER without a subsequent effect on the mitochondrial calcium uptake machinery ([@bib0115]). The neurons of the SN, as mentioned above, use calcium to maintain their pacemaking activity and therefore changes in how the neurons handle and maintain calcium levels are going to be hugely influential on both the activity and survival of these neurons.

Both fission/fusion and mitochondrial movement require intact mitochondrial membrane potential (ΔΨm) and a loss of this potential is associated with mitochondrial degradation through mitophagy ([@bib0660]). Subtle differences in ΔΨm have also been attributed to determining directionality of neuronal mitochondria, for example 80% of mitochondria with a low membrane potential are transported towards the cell body ([@bib0465]), although this might not be such a clear cut distinction ([@bib0675]). Studies using transmitochondrial cybrids have shown that neurons with mtDNA mutations causing a severe mitochondrial complex I defect have a significantly increased ΔΨm, due to reversal of the ATP synthase, however mutations in complex IV seemed to not affect the ΔΨm ([@bib0005]). The effect of these mutations on the ΔΨm in these cells is interesting considering the effect on mitochondrial protein function and expression of the accumulating mtDNA defects we see in aged SN neurons. It has been proposed by a number of studies that the degradation of mitochondria through the specific autophagy pathway, mitophagy, is heavily reliant on the dissipation of ΔΨm, followed by fission from the mitochondrial network and loss of OPA1 expression ([@bib0660]). Alterations in mitochondrial transport have been implicated to be important in a number of neurodegenerative conditions including Alzheimer\'s disease and Huntington\'s disease ([@bib0545; @bib0550]). In Parkinson\'s disease, alterations in mitochondrial transport occur in response to rotenone treatment and pink1 has been shown to interact with Milton and Miro, two key proteins responsible for the interaction of mitochondria with neuronal motor proteins ([@bib0035; @bib0695]). Therefore if mitochondria which harbour defects of the electron transport chain do not lose their ΔΨm then they will not leave the network and would persist within the neuron, which might explain why neurons accumulate such a high proportion of dysfunctional mitochondria over time.

Parkin and pink1 have been implicated to be important for the targeting of mitochondria for degradation (discussed in detail below). Therefore the very fact that dysfunctional mitochondria persist within a neuron and accumulate to a level sufficient to cause a loss of complex IV activity and complex I protein expression would suggest that this pathway in particular shows an age related decline. Recent evidence suggests that the interaction of pink1 and parkin might actually facilitate the specific turnover of mitochondrial respiratory chain subunits ([@bib0680]). These interactions might suggest a reason for the loss of key subunits of the electron transport chain, as the system might preferentially target these subunits, reducing the expression of these proteins, rather than degrading intact, yet dysfunctional mitochondria. Furthermore this might lead to the accumulation of misfolded mitochondrial proteins which would put further burden onto the protein degradation pathways, described below.

### 3.1.3. Interaction with alpha synuclein {#sec0055}

The pathological hallmark of PD and other synucleinopathies including dementia with Lewy bodies (DLB), is the Lewy body. The main protein component of these structures is alpha synuclein, although both the effect of these inclusions on neuronal survival and the toxicity of different forms of this protein are still debated, it seems likely that the oligomeric forms of alpha-synuclein are the most toxic (reviewed in [@bib0340]). Alpha-synuclein itself is a widely expressed protein, with an alpha helical structure ([@bib0065]), and is believed to be important for the synaptic vesicle recycling ([@bib0140; @bib0475]). The exact mechanism that leads to the conformational change believed to be required for its aggregation in PD needs to be fully elucidated. However, what is clear is that Lewy bodies and neurites show a high β-sheet content and a distinctive cross-β X-ray diffraction pattern. This pattern is interestingly also observed for fibrillar deposits in other neurodegenerative disorders including Alzheimer\'s disease, and aggregated alpha-synuclein is strikingly similar to amyloid ([@bib0065; @bib0145]). Alpha synuclein has also been found to aggregate in many cases of AD although interestingly predominantly within the amygdala rather than the SN ([@bib0400; @bib0665]). Lewy body pathology is also seen in elderly individuals with no Parkinson\'s disease symptoms and recently we found evidence of Lewy body pathology in a patient with POLG mutations, but with no corresponding extrapyramidal features ([@bib0565]).

Many modifications have been proposed to be important for the aggregation of alpha-synuclein and its conformational change, importantly these include oxidation, the presence of heavy metals and phosphorylation (reviewed in [@bib0065]) ([@bib0105; @bib0250; @bib0265]). Accumulating mtDNA mutations or dysfunctional mitochondria are likely to have an effect on the oxidative stress levels within SN neurons, which might contribute to the misfolding and accumulation of this protein. However, in a recent study we showed that Lewy body pathology was associated with neurons with intact expression of key mitochondrial electron transport chain proteins, including complex I, suggesting at least that intact mitochondrial function and hence ATP levels are required for the aggregation of this protein within the cell body, perhaps relating to the transportation of this protein ([@bib0560]). Numerous studies have used rotenone and other toxins to induce mitochondrial dysfunction and monitor the accumulation of alpha-synuclein, despite the wealth of information that these studies provide they often do not reflect the subtleties of the slow accumulation of mitochondrial dysfunction within ageing substantia nigra neurons. Our data might suggest that normal mitochondrial function might protect against cell loss and that those cells with mitochondrial dysfunction and Lewy body pathology are lost, or that the accumulation of alpha-synuclein into Lewy bodies requires mitochondrial function and that this accumulation prevents toxic, damaging alpha-synuclein species from accumulating at synapses.

Alpha-synuclein itself has been shown to interact with mitochondria and be imported into the mitochondria in an energy dependant manner ([@bib0185]). The accumulation of alpha-synuclein within mitochondria has been shown to lead to complex I impairment, decreased ΔΨm and increased ROS production ([@bib0185; @bib0505; @bib0510]). The effect of these changes is likely to be an exacerbation of the mitochondrial defect present in ageing SN neurons. Mutations in the alpha-synuclein gene have been shown to cause changes in mitochondrial structure particularly affecting the cristae in cell culture, while *drosophila* models have highlighted the contribution of oxidative stress to the neuronal changes, for example showing hypersensitivity to hyperoxia ([@bib0085]). Transgenic mice expressing mutant forms of alpha synuclein have also been generated but they often do not show SN dopaminergic neuronal loss, despite very severe phenotypes and neuron loss in other brain regions closely associated with inclusion formation and mitochondrial degeneration ([@bib0445]). Interestingly, this neurodegeneration was also associated with mtDNA damage and a loss of complex IV activity ([@bib0445]). It is worth noting that although such models may not show SN pathology they often show pathology in other regions, for example LB-like inclusions in the motor neurons of the spinal cord ([@bib0445]). However, there are a number of difficulties that arise when trying to model human disease in mice and this is especially true for the SN, when you consider the life span of mice and the fact that their SN neurons do not contain neuromelanin. But these studies do highlight the close relationship and importance for the development of neuronal loss of two age related phenomena, those of increased mtDNA damage and also protein accumulation.

### 3.1.4. PD symptoms in patients with mitochondrial disease {#sec0060}

If mitochondrial dysfunction is particularly important in the pathogenesis of PD then we might expect to see PD symptoms in patients with mitochondrial disorders and potentially at a younger age than in the case of sporadic PD. We have shown that changes within the SN, and in particular cell loss within this brain region, is more closely associated with mitochondrial defects that are acquired rather than those that are inherited ([@bib0565]). While a recent study in the POLG *D257A* mouse have shown that mtDNA deletions were not associated with SN neuronal degeneration and actually induced neuroprotective changes including changes in the ultrastructure of the mitochondria and compensatory changes in ΔΨm ([@bib0525]). Although extrapyramidal features are relatively rare in patients with mitochondrial disorders there have been a number of reports of Parkinsonism associated with mutations within *POLG*. In these cases there is often pigmented SN neuron loss and on occasions Lewy body pathology ([@bib0075; @bib0415]) and however we have detected Lewy body pathology in a POLG patient with no discernible cell loss or PD-like symptoms ([@bib0565]). The age of onset of PD symptoms in *POLG* patients seems to vary with many being within the range of sporadic PD ([@bib0075; @bib0415]), but some cases show an earlier onset ([@bib0165; @bib0315; @bib0440]). Many of these earlier onset cases have a family history, but they do not report whether common PD genes were screened for mutations, therefore it is difficult to fully dissect whether the *POLG* mutation is causative of the PD-like symptoms. However, the incidence of these symptoms in patients with *POLG* mutations is higher than for other mitochondrial patients and abnormal DAT scans are often seen in these patients. If the *POLG* mutation was responsible for the parkinsonism then one might expect most *POLG* patients to exhibit this phenotype, many patients with *POLG* mutations have cell loss within the SN, but this is not always associated with PD like symptoms ([@bib0565]). Aside from pathogenic mutations within the *POLG* gene, several studies have investigated the association with PD of changes within the poly-glutamine expansions within the *POLG1* gene in different populations ([@bib0030; @bib0040; @bib0210]). These studies have shown a trend towards an association with non10-11Q repeats and PD in populations from Norway, America (Caucasian) and Sweden ([@bib0030; @bib0040; @bib0210]). These cases highlight that mitochondrial dysfunction is detrimental for the survival of SN neurons and that the accumulation of mtDNA mutations affects their survival with advancing age. Although mutations in *POLG* are the most common to be associated with parkinsonism in mitochondrial disease patients, there are reports of point mutations associated with these symptoms ([@bib0125; @bib0310; @bib0595; @bib0600]).

In addition, several studies have also investigated whether certain mtDNA haplogroups are associated with susceptibility for the development of PD. Many studies seem to agree that haplogroups J, K are protective against the development of Parkinson\'s disease within European populations, while a large study has also suggested that T and super-haplogroup JT are also protective ([@bib0320; @bib0325; @bib0385; @bib0540; @bib0670]). However in other populations these haplogroups are not associated with a decreased risk of developing PD ([@bib0460]). Furthermore an increased risk of developing PD with advancing age has been associated with the superhaplogroup HV ([@bib0320]). These data highlight that even subtle changes within the mitochondria may impact on the likelihood of developing PD and thus be important for the pathogenesis of this disease.

4. Impairment of protein degradation in substantia nigra neurons {#sec0065}
================================================================

There are two main pathways within neurons for the degradation and removal of damaged proteins, the ubiquitin proteasome system (UPS) and autophagy, which encompasses the routes through which substrates are degraded through the lysosome (highlighted in [Fig. 3](#fig0015){ref-type="fig"}). Both systems show a reduction in function and efficiency with age ([@bib0335; @bib0405; @bib0570]), are both linked to mitochondrial function since both require ATP and alterations in both have also been implicated in the development of both idiopathic and familial forms of PD. Although reductions in the efficiency of these pathways with ageing are likely to affect many populations, the SN neurons could still be predisposed to being more severely affected by changes in these processes.

The accumulation of damaged proteins in neurons with advancing age is related to oxidative adducts caused by reactive oxygen and nitrogen species which, as mentioned previously, accumulate within the SN with advancing age. Therefore the environment of the SN predisposes the neurons to be under significant oxidative stress with a high concentration of damaged proteins, thus efficient protein degradation pathways need to be in place to cope with an increased demand. Failure of such pathways could contribute to the accumulation of damaging proteins such as alpha-synuclein and could ultimately contribute to neuronal loss within this brain region.

4.1. The ubiquitin proteasome system {#sec0070}
------------------------------------

The ubiquitin proteasome pathway acts to remove soluble intracellular proteins. Briefly, the proteins to be degraded are covalently linked to ubiquitin chains, which target the protein to the proteasome, where it is unfolded and passes through the barrel of the 26S proteasome and the products of degradation are expelled at the end. Proteolysis through the UPS is a highly energy dependent process, requiring ATP at all stages from ubiquitination, through proteasome assembly, and final degradation and recycling of components. Because of this, the system is vulnerable to mitochondrial dysfunction, through reduction of energy provision and the direct inhibition of the proteasome through oxidised proteins and aggregations thereof. In ageing there is a qualitative reduction of the ubiquitin proteasome system ([@bib0230]). In post mortem tissue, enzymatic reactions have shown that there is a reduction in proteasome activity in the SN of PD patients compared to age matched controls ([@bib0455; @bib0450]). Moreover, mutations in Parkin known to cause an early onset, autosomal recessive form of PD is important for the targeting of proteins to the proteasome and expression of parkin proteins has been shown to be reduced in PD. Furthermore, inhibition of the proteasome has been shown to cause neurodegeneration and Lewy body like inclusions in a number of model systems while genetic ablation of subunits of the proteasome leads to extensive motor symptoms ([@bib0050]). Conversely, mutant alpha synuclein can cause a direct inhibitory effect on the 20S cores proteolytic capabilities and the downregulation of several subunits of the proteasome in the substantia nigra of PD patients ([@bib0135; @bib0230; @bib0635]).

4.2. Autophagy {#sec0075}
--------------

Macroautophagy (hereafter autophagy) is a highly conserved process occurring in most organisms from yeast to man, responsible for the degradation of long lived proteins and organelles. This process requires the sequestration of the target protein within a double membrane, the autophagosome, the delivery of the autophagosome to the lysosome, fusion with the lysosome and the efficient degradation by lysosomal hydrolases. Although the main regulator of autophagy is the supply of nutrients to the cell, this dynamic process has been implicated to be important in ageing and a number of age related diseases, especially those involving the accumulation of protein aggregates within neurons. Knock-out of key autophagy related genes, ATG 5 and 7, has been shown to cause neurodegeneration in mice, particularly a loss of the Purkinje cells of the cerebellum ([@bib0300; @bib0355]).

The degradation of whole mitochondria occurs through the specific autophagy pathway, mitophagy. A number of genes that have been shown to cause familial autosomal-recessive forms of Parkinson\'s disease are known to be important for the targeting of mitochondria to this pathway, such as *Parkin* and *Pink1.* The recruitment of parkin, a ubiquitin E3 ligase, to damaged mitochondria requires the function of the putative kinase, Pink1. In addition, accumulation of autophagosomes has been found in PD brains reflecting the decrease in successful clearance in this disease ([@bib0025]). This observation suggests that perhaps the autophagy pathway becomes overwhelmed, or that there is an over production of autophagosomes, perhaps in response to the accumulating dysfunctional mitochondria. Alternatively, an accumulation of these 'end stage' vesicles may actually represent a decrease in autophagy and autophagic flux ([@bib0430; @bib0710]). The pathway by which mitochondria are degraded through autophagy is a tightly regulated process, which in theory should degrade dysfunctional mitochondria preventing their age associated accumulation. Recent mouse studies have shown that dysfunctional mitochondria do not necessarily recruit parkin and that in fact the absence of parkin may not affect the phenotype or clearance of mitochondria ([@bib0620]). One of the other proposed substrates for Parkin is alpha-synuclein. Although usually degraded through the proteasome, alpha-synuclein requires unfolding for degradation and aggregating forms of this protein may require clearance through other pathways. Alpha-synuclein, however, is also a target for chaperone mediated autophagy, which through interactions with LAMP-2A and HSC (heat shock 70 kDa proteins) targets the alpha-synuclein directly to the lysosome ([@bib0015; @bib0020; @bib0685]).

Clearly one of the most relevant relationships is that of the protein degradation pathways and their degradation of alpha-synuclein. This protein has been shown to be ubiquitinated for degradation through the proteasome, as well as degraded through chaperone mediated autophagy. Mutated forms of alpha-synuclein can bind to the lysosomal membrane without translocation through interactions with Lamp-2A, essentially blocking their own, and other substrates degradation through this pathway. Considering that the pathological hallmark of Parkinson\'s disease is the accumulation of Lewy body structures, it would seem only logical that the systems within the cell designed to remove these damaging forms of alpha-synuclein might show reduced efficiency. Similarly, the observation that neurons within the SN accumulate dysfunctional mitochondria would imply that with ageing the efficiency of mitophagy declines as damage to the mitochondria and mtDNA increases. Alongside these observations are investigations into changes in the expression of deubiquitinating enzymes (DUBs). DUBs act as a signal for both proteasomal and lysosomal degradation of proteins, and provide a scaffold for signal transduction. Their accumulation has been shown to occur within LBs suggesting that one cause of the accumulation of alpha-synuclein into these structures may be impaired autophagic flux ([@bib0635]).

5. Comparison with other neuronal populations that are vulnerable in PD {#sec0080}
=======================================================================

The neurons of the SN are not the only ones to be affected in PD ([@bib0100; @bib0180]), do these other neuronal populations show any similarities with the neurons of the SN? Changes have been reported to also occur in several other brain stem nuclei including; the pedunculopontine nucleus (PPN), ventral tegmental area (VTA), the dorsal motor nucleus of the vagus nerve (DMV) and the locus coeruleus (LC). These neuronal populations show similarities with the neurons of the SN which may highlight not only their vulnerability in PD but also the processes key for the loss of SN neurons ([@bib0630]). The medium sized neurons of the LC, for example, contain neuromelanin, are noradrenaline containing, TH positive and show a loss of around 70% in PD ([@bib0260]). These neurons show alterations in the ultrastructure of their synaptic mitochondria in PD, suggesting mitochondrial alterations might occur within these neurons ([@bib0045]). There is also a reduction in the large cholinergic neurons of the PPN, 50% of these neurons have been reported to be lost in PD (reviewed in ([@bib0495])). Interestingly LB pathology has been found in these neurons in both Lewy body disease (LBD) and Alzheimer\'s disease, but prominent cell loss was only found in LBD ([@bib0205]).

The cholinergic neurons of the DMV show Lewy body pathology in patients with PD at Braak stage 1, while pathology only appears in the SN at stage 3 ([@bib0100]). The vulnerability of this group of neurons in PD has recently been investigated. These neurons also rely on pacemaking activity, similar to the neurons of the SN. A major contributor to this activity within the neurons of the DMV are the L-type CaV1.3 channels and similar to the SN neurons DMV neurons show evidence of mitochondrial stress during pacemaking activity ([@bib0275]). Furthermore, the dopaminergic neurons of the VTA also show pacemaking activity, but the activity in these neurons is modulated primarily by sodium with minimal contribution from calcium channels ([@bib0350]). It is therefore interesting that in comparison to the neurons of the SN the VTA neurons are relatively spared, in addition the neurons of the VTA have been shown to be resistant to the overexpression of alpha-synuclein, known to cause the loss of SN neurons ([@bib0435]). The development of LB pathology in a number of other brain stem nuclei has also been investigated and interestingly within this group of nuclei only those which show an accumulation of lipofuscin or neuromelanin show an increased likelihood of developing this pathology ([@bib0090; @bib0095]).

Therefore vulnerable neuronal populations show some characteristics which are common to those of SN neurons, suggesting that the unique mixture of these features within the SN contributes significantly to the development of PD.

6. Conclusion {#sec0085}
=============

With advancing age a number of processes essential for the function of substantia nigra neurons including dopamine metabolism, wild type mitochondrial DNA copy number and protein degradation decline ([Fig. 4](#fig0020){ref-type="fig"}). Dopamine metabolism generates a significant amount of reactive oxygen species that will affect a number of different processes within the neurons, a decline in wild type mtDNA copy number will lead to a decrease in ATP production and a reduction in efficient protein degradation will affect the functioning of neurons. In addition accumulation of neuromelanin, the ability of neurons and mitochondria to handle calcium and the levels of iron within these neurons will also be affected, so that additional insults such as mitochondrial complex I and IV deficiencies and aggregating alpha-synuclein causes the loss of vulnerable neurons, once this cell loss reaches a certain level, the symptoms of PD develop. Any minor changes that affect this vulnerability to accumulating damage may explain why not all individuals are affected by PD with advancing age. In isolation some of these processes including mitochondrial DNA mutations and changes in protein degradation pathways have been shown to cause neuronal loss ([@bib0300; @bib0355; @bib0565]), but with advancing age it is the accumulation of many defects that renders the neurons of the SN vulnerable to the additional insults of mitochondrial deficiencies and toxic alpha-synuclein species.

Therefore, in conclusion we believe that ageing effects cause a cascade of stressors within the substantia nigra which essentially weakens the neurons and their ability to respond to further insults that are seen as part of the disease process. Further mitochondrial dysfunction and alterations in protein degradation pathways are subsequently far more detrimental to the neurons of the SN than they would be to neurons elsewhere within the brain.
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![Changes within SN neurons with advancing age. (A) There is an increase in the number of cells showing mitochondrial dysfunction, including a loss of key mitochondrial proteins including complex I subunits (arrow). Changes in mitochondrial membrane potential and network dyanmics have also been shown to be important for neuronal survival image B, shows the mitochondrial network of a healthy neuron within culture, fragmentation of this network is associated with changes in mitochondrial membrane potential and prior to degradation through mitophagy. There is a loss of SN neurons with advancing age, images C and D show the SN of a 69 year old and a 53 year old respectively. The loss of neurons can be seen as a loss of pigmented cells even at a low magnification in the SN of the 69 year old.](gr1){#fig0005}

![Mitochondrial dysfunction has been implicated to be important for the pathogenesis of Parkinson\'s disease for nearly 30 years. A number of different aspects of mitochondrial biology have been linked to PD. This figure shows how a healthy mitochondrion (green) changes with advancing age, for example accumulating mitochondrial DNA deletions (shown as smaller mtDNA molecules), and becomes dysfunctional (red) and highlights key proteins and processes that have been implicated in the pathogenesis of PD. Mitochondrial DNA deletions lead to mitochondrial dysfunction and respiratory deficiencies and have been linked to the generation of ROS (yellow) and the associated oxidative stress. Changes in the expression and activity of mitochondrial electron transport chain complexes I and IV have been found in the elderly and patients with PD and inhibition of complex I causes PD like symptoms in model systems treated with toxins such as MPTP (blue/green) and rotenone (purple). The association of the mitochondria with ER has been shown to be important for mitochondrial calcium handling (green) and this association relies on mitofusin 2 and DJ-1. The buffering of calcium by the mitochondria is important for the maintenance of cellular homeostasis. Alpha-synuclein, which forms Lewy bodies, has also been shown to interact with mitochondria and affect their function. Finally proteins encoded by a number of genes known to be mutated in autosomal recessive forms of PD have functions important for mitochondrial function as well as the targeting of mitochondria to mitophagy. Once phosphorylated by Pink1 (indicated by 'P'), Parkin ubiquinates a number of mitochondrial proteins to target the mitochondria for degradation. These processes will all affect the survival of neurons in the SN with advancing age.](gr2){#fig0010}

![The degradation of proteins and organelles through the proteasome and autophagy pathways is tightly regulated and heavily ATP dependant. Both these processes have been implicated to be affected/dysregulated in Parkinson\'s disease. This figure reviews how these pathways are affected and the mechanism for their dysfunction. The interconnectivity between the two protein degradation pathways means that a decrease in the efficiency of one will strongly impact on the burden of the other. HSC70 -- heat shock 70 kDa protein, DUB -- deubiquitinating enzyme.](gr3){#fig0015}

![Age related changes in a number of processes pushes substantia nigra neurons towards cell death. These changes include accumulation of mitochondrial DNA defects, oxidative damage (through a number of processes) and accumulation of neuromelanin. This increases the vulnerability of the SN neurons so that a further insult from either toxic alpha-synuclein or mitochondrial dysfunction leads to cell death. It is the accumulation of all these processes that will lead to the loss of neurons within this brain region. Several of these processes have been shown to be sufficient to cause substantia nigra neuronal loss alone and so are likely to contribute to the death of these neurons in Parkinson\'s disease.](gr4){#fig0020}
